Background: Metabolic stresses, including hyperinsulinemia, promote insulin resistance. Results: Monoclonal antibodies raised against Ser(P)/Thr(P) residues in IRS1 were used to quantify phosphorylation in response to insulin or agents that model metabolic stress. Conclusion: Similar IRS1 Ser(P)/Thr(P) residues are increased by insulin or metabolic stress, and some correlate significantly with reduced IRS1 tyrosine phosphorylation. Significance: Metabolic stress co-opts insulin-dependent IRS1 phosphorylation to aggravate insulin resistance.
Insulin resistance promotes hyperglycemia, hyperinsulinemia, dyslipidemia, and hypertension that can progress to nonalcoholic fatty liver disease, type 2 diabetes, and cardiovascular disease (1, 2) . Although many genetic and physiological factors contribute to insulin resistance, animal and human studies sug-gest that dysregulated signaling through the insulin receptor substrates IRS1 2 and IRS2 is mechanistically important (3) (4) (5) (6) . The activated insulin receptor kinase phosphorylates tyrosine residues in IRS1 and IRS2, stimulating the recruitment of SH2 domain proteins, including the class I PI3K and GRB2⅐SOS (son of sevenless guanine nucleotide exchange factor) (6) . Numerous mechanisms regulate the strength or duration of this signaling, including variable expression or stability of the insulin receptor isoforms A and B, or of their proximal downstream components, including IRS1, IRS2, IRS3, IRS4, PI3K, and Akt (7) . Diverse regulatory proteins and pathways, including GRB10 (8) , phosphatidylcholine transfer protein (9) , MG53/ TRIM72 (muscle-specific mitsugumin 53/tripartite motif 72) (10), the cullin RING ligase CRL7 (cullin RING E3 ubiquitin ligase 7) (11) , and the Lin28/Let-7 axis (12) , can each affect these proximal components to promote insulin resistance. Protein and lipid phosphatases, including PP2A, PTPN1 (tyrosineprotein phosphatase nonreceptor type 1, also known as PTP1B), and PTEN (phosphatase and tensin homolog), can also negatively regulate signaling through the insulin receptor 3 IRS 3 PI3K pathway (13) (14) (15) .
Although tyrosine phosphorylation of IRS1 generates the insulin signal, IRS1 is heavily phosphorylated upon serine and threonine residues (Ser(P)/Thr(P) residues) before, during, and after insulin stimulation (6, 16, 17) . Numerous studies over the past 15 years have focused upon specific Ser(P)/Thr(P) residues as a general mechanism to modulate insulin signaling (6) . These investigations provide evidence for a conserved and highly regulated signaling process that can modulate physiological insulin sensitivity or contribute to pathological insulin resistance (5) . Nonetheless, a complete understanding of this regulatory mechanism remains incomplete and challenging because of the large number of Ser(P)/Thr(P) residues found within IRS1 in human/animal tissues.
An extensive literature has characterized the relationship in cultured cells between IRS1 Ser/Thr phosphorylation and signaling by downstream insulin-stimulated Ser/Thr kinase pathways, including Akt 3 GSK3␤, Akt 3 SIK2, Akt 3 mTOR 3 S6K1, and MEK 3 ERK1/2 pathways, each of which can affect IRS1 Ser/Thr phosphorylation (6) . Moreover, in disease states multisite IRS1 Ser/Thr phosphorylation may be mediated by heterologous kinases, including energy-sensing AMP-activated protein kinase; sympathetic-activated G protein-coupled receptor kinase 2; lipid/inflammatory stimulated JNK, IKK␤ (inhibitor of nuclear factor B kinase ␤), or mPLK (pelle-like kinase/interleukin-1 receptor-associated kinase); or novel and conventional PKCs (6) . Chronic hyperinsulinemia during insulin resistance might compound this dysregulation by adding the effects of insulin upon IRS1 Ser(P)/Thr(P) residues (18) .
More than 50 IRS1 Ser(P)/Thr(P) residues have been identified in various MS/MS studies (19 -25) , and most have been studied individually or in small groups, including Ser-24 Irs1 (26 -28) , Ser-267 Irs1 (29) , Ser-302 Irs1 (30) , Ser-307 Irs1 (31) (32) (33) (34) (35) (36) , Ser-318 Irs1 (37, 38) , Ser-332 Irs1 (39) , Ser-357 Irs1 (40) , Ser-408 Irs1 (41) , Ser-522 Irs1 (19) , Ser-612 Irs1 (34, (42) (43) (44) , Ser-632 Irs1 (34, 42, 45) , Ser-662 Irs1 (42, 44) , Ser-731 Irs1 (42) , Ser-789 Irs1 (46, 47) , and Ser-1097 Irs1 /Ser-1101 IRS1 (48, 49) . Because a limited number of phospho-specific antibodies were generated in early studies, the phosphorylation of a few Ser/Thr residues (Ser-302 Irs1 , Ser-307 Irs1 , Ser-318 Irs1 , Ser-612 Irs1 , and Ser-632 Irs1 ) has been interrogated in many different contexts, whereas many others have never been examined (6) . Early work showed that anisomycin-stimulated JNK is associated with inhibition of insulin-stimulated Tyr(P) Irs1 (31) . Mutational analysis suggests that rodent Ser(P)-307 Irs1 (Ser(P)-312 IRS1 in humans) is a principal target of JNK, which appears to disrupt the interaction between the activated insulin receptor and the PTB domain of IRS1 (31, 50) . Consequently, Ser(P)-307 Irs1 is widely investigated and has frequently been implicated in insulin resistance under conditions of physiologic and metabolic stress, including obesity, hyperinsulinemia/insulin resistance, neuronal dysregulation, and ER stress, in mouse models and humans (6, 45, (51) (52) (53) (54) (55) (56) . However, mice carrying a mutant form of Irs1 in which Ser-307 Irs1 is replaced by Ala-307 Irs1 display insulin resistance rather than hypersensitivity, suggesting that Ser-307 Irs1 or its phosphorylation is important to normal insulin signaling (57) . Regardless, mice bearing a muscle specific Irs1 transgene containing three mutations, S307A Irs1 along with S302A Irs1 and S612A Irs1 , are protected from fat-induced insulin resistance and display increased muscle insulin-sensitivity in hyperinsulinemic-euglycemic clamp studies (58) . Cell-based experiments with compound at S302A Irs1 , S307A Irs1 , and S318A Irs1 mutations reveal a complex role of Ser(P)/Thr(P) in the regulation of Tyr(P) Irs1 and downstream glucose uptake (17) .
To investigate more comprehensively the multisite Ser/Thr phosphorylation of Irs1, we generated sequence-and phosphospecific monoclonal antibodies (␣pS/TmAb Irs1 ) against 26 Ser(P)/Thr(P) residues identified in Irs1 by MS/MS (19) . We used the ␣pS/TmAb Irs1 to interrogate Irs1 phosphorylation in CHO cells overexpressing the human insulin receptor and rat Irs1 (CHO IR /Irs1) (19, 57) . We assayed the contribution of the MEK 3 ERK and PI3K cascades to Ser(P)/Thr(P) and Tyr(P) Irs1 during insulin stimulation using small molecule inhibitors of MEK (59), PI3K (60), Akt (61), mTORC1 (62), mTORC1/2 (63), and S6K (64) . We further investigated Ser/Thr phosphorylation of Irs1 by the application of metabolic stress-mimicking agents to activate insulin-stimulated and heterologous kinase pathways. The results of these studies highlight the major insulinsignaling pathways that mediate Irs1 Ser/Thr phosphorylation, identify several Ser(P)/Thr(P) residues that correlate negatively with insulin-stimulated Tyr(P) Irs1 , and provide evidence that metabolic stress pathways perturb the global pattern of Irs1 Ser/Thr phosphorylation in a fashion akin to insulin itself.
EXPERIMENTAL PROCEDURES
Mass Spectrometric Analysis-MS/MS analysis was used previously to identify Ser(P)/Thr(P) residues in rat Irs1 (19) . Originally this analysis was conducted on Irs1 isolated from unstimulated and insulin-stimulated CHO IR /Irs1 cells but was subsequently extended to Irs1 isolated from mouse liver (data not shown). A set of 50 MS/MS-identified sites was used for the generation of phosphopeptide antigens.
Generation of IRS1 Ser(P)/Thr(P) Specific Antibodies-Phosphopeptides (15-mers) purchased from various sources (Sigma-Genosys, Harvard University core facility, or Synpep) that centered around the Ser(P)/Thr(P) residue of interest were coupled to maleimide-activated keyhole limpet hemocyanin (Thermo Scientific) according to the manufacturer's protocol. The conjugates were injected into BALB/c mice, which were tested for antibody production by screening of serum on Western blots of CHO cell extracts. Spleen cells from positive mice were used to generate hybridomas. At least 200 clones were screened against membrane-immobilized phosphopeptides in a dot-blot format for each site. Positive clones were verified by immunoblotting and ELISAs using hyperphosphorylated Irs1 from okadaic acid-treated CHO IR /Irs1 cells grown in 10% FBS. The reactive hybridomas were cloned at limiting dilution twice to produce monoclonal cell lines. All mouse work and subcloning was subcontracted to the Hybridoma Development Services Core facility at St. Louis University Health Sciences Center. All screening (except the initial dot blot) was completed in our laboratory.
Cell Culture-CHO IR /Irs1 cells were grown in Ham's F-12 medium (Invitrogen) supplemented with 10% FBS. Hybridoma cell lines were maintained in RPMI (Invitrogen) supplemented with 10% FBS (heat-inactivated), 10% hybridoma growth factor supplement (PAA Laboratories, Inc.), 1ϫ hypoxanthine and thymidine (HT) media supplement (Sigma) and 1% penicillin/ streptomycin (Invitrogen).
Antibodies-Supernatants from hybridoma cell lines were incubated with protein G beads (Amersham Biosciences). The antibody-bound beads were washed once with 250 mM Tris (pH 7.5, 250 mM NaCl, 10% glycerol) and then with 150 mM Tris (pH 7.5, 250 mM NaCl, 10% glycerol). The monoclonal antibodies were eluted with 0.1 M glycine (pH 2.9) into 1 M Tris (pH 9.0, 250 mM NaCl, 10% glycerol). The eluent was concentrated, frozen in aliquots, and stored at Ϫ20°C. Five commercially available ␣pS/T Irs1 polyclonal antibodies (Cell Signaling) were used to investigate phosphorylation sites not represented by our library (rat numbering): ␣pS336 Irs1 , ␣pS612 Irs1 , ␣pS632/S635 Irs1 , ␣pS789 Irs1 , and ␣pS1100 Irs1 . Some antibodies generated in this work are available from Millipore: total Irs1 (catalog no. 05-1085), ␣pS302 Irs1 (catalog no. 05-1086), ␣pS307 Irs1 (catalog no. 05-1087), ␣pS318 Irs1 (mabs138), ␣pS522 Irs1 (catalog no. , and ␣pS632 Irs1 (catalog no. 05-1568).
Polyclonal antibodies were obtained from Cell Signaling against ERK and Thr(P)-202/Tyr(P)-204 ERK ; Akt, Thr(P)-308 Akt and Ser(P)-473 Akt ; GSK3␤ and Ser(P)-9 GSK3␤ ; FOXO1 and Ser(P)-256 FOXO1 ; S6K and Thr(P)-389 S6K ; S6 and Ser(P)-235/236 S6 ; mTOR and Ser(P)-2448 mTOR . Polyclonal antibodies were obtained from Cell Signaling against PERK and Thr(P)-980 PERK ; p38 MAP kinase and Thr(P)-180/Y182 p38 ; and from Millipore against JNK and Thr(P)-183/Y185 JNK .
Insulin Stimulated Irs1 Ser(P)/Thr(P) residues and Tyr(P) Irs1 -CHO IR /Irs1 cells were grown to 85% confluence followed by a 24-hour in serum-free medium. Cells were incubated for 30-min with 30 nM insulin. The cells were then placed on ice, washed thoroughly with PBS, and incubated with lysis buffer (50 mM Tris, pH 7.5, 1% Triton, 0.1% SDS, 0.1 mM sodium pyrophosphate, 0.5 mM NaF, 150 mM NaCl, and 1 mM EDTA) containing 1 ϫ phosphatase and protease inhibitors pellets (Roche). Cleared lysates were mixed with SDS loading buffer and resolved using 8% SDS-PAGE, transferred onto nitrocellulose, and probed with the indicated antibodies.
Kinase Inhibition-Inhibitors were incubated with serumstarved CHO IR /Irs1 cells (above) for 30 min prior to insulin stimulation: PD98059, wortmannin, rapamycin, and PP242 from Sigma; LY294002 from Santa Cruz Biotechnology; PP-103, GDC-0491, and PIK-90 from Selleck; and AKT-VIII from EMD Biosciences. DG2, a gift of Dr. Kevan Shokat, is available from EMD.
Heterologous Regulation of IRS1 Ser(P)/Thr(P) residues and Tyr(P) Irs1 by Metabolic Stress Agents-The indicated agents (Sigma) were added to serum-starved CHO IR /Irs1 cultures (above) with or without subsequent insulin stimulation (30 nM for 30 min). Anisomycin (5 g/ml) was added 60 min prior to insulin stimulation, whereas thapsigargin (300 nM) or tunicamycin (10 g/ml) were added 3 h prior.
Imaging and Quantitation of Western Blots-Western blots were imaged using ECL and Kodak Image Station 4000MM Pro; signals were quantitated using Carestream Molecular Imaging software V5.0. The median background surrounding each band was subtracted from the total signal (sum of pixel values) to give a "net signal" for analysis. In inhibition studies, the inhibited net signal was normalized by the insulin-stimulated net signal observed in the absence of inhibitors. Phosphorylation curves, obtained at a range of inhibitor concentrations, were fitted to the following hyperbolic function,
using SigmaPlot V12.5, where K id is the ED 50 of inhibition (ED 50 ), and K in is the maximal fold change at infinite inhibitor concentration. Fitted curves with r 2 Ͼ 0.7 were taken to indicate a reportable effect. The fitted parameter K in , determined for each kinase inhibitor, was used to estimate the maximal inhibition of Ser(P)/Thr(P) (or stimulation of Tyr(P) Irs1 ) at saturating kinase inhibitor concentration. The fitted parameter K id was used to estimate the concentration of inhibitor that half-maximally inhibited Ser(P)/Thr(P) (i.e. K id ϭ ED 50 pS/T ), or that half-maximally stimulated Tyr(P) Irs1 (K id ϭ ED 50 pTyr ). Pearson correlation between the parameters describing inhibition or stimulation was calculated using the Analyze-it plug-in for Microsoft Excel (version 3.20.2).
RESULTS
Generation and Validation of Phospho-specific Antibodies against Irs1-We developed a library of monoclonal antibodies (␣pS/TmAb Irs1 ) against 26 Ser(P)/Thr(P) residues in rat Irs1. Hybridoma lines producing each antibody were generated from spleen cells of mice immunized with keyhole limpet hemocyanin-conjugated phosphopeptide antigens ( Fig. 1A) , with peptide sequences based upon our previous MS/MS identification of Ser(P)/Thr(P) residues in rat Irs1 from CHO IR /Irs1 cells (19) ( Fig. 1A) . We validated the sequence specificity and phosphospecificity of each ␣pS/TmAb Irs1 using both peptide-based ELISA assays ( Fig. 1B ) and immunoblotting of insulin-stimulated CHO IR /Irs1 cells ( Fig. 1, C and D) . None of the ␣pS/TmAb Irs1 reacted with nonphosphorylated peptides, demonstrating that each was phospho-specific (data not shown). All of the ␣pS/ TmAb Irs1 , except ␣pS408 Irs1 , reacted most strongly by ELISA with the immunizing phosphopeptide, confirming specificity; ␣pS408 Irs1 reacted most strongly with Ser(P)-1136, which has a similar surrounding sequence (Fig. 1B) . The ␣pS307 Irs1 , ␣pS332 Irs1 , ␣pS369 Irs1 , and ␣pS1215 Irs1 each reacted less strongly with a second or third phosphopeptide ( Fig. 1B) ; however, immunoblotting of wild type and mutant Irs1 proteins in insulin-stimulated CHO cells confirmed that ␣pS307 Irs1 required Ser(P)-307 to recognize Irs1 (Fig. 1C ). The ␣pS1216 Irs1 behaved identically to ␣pS1215 Irs1 (Fig. 1B) and was excluded from further analysis. The set of 25 ␣pS/TmAb Irs1 thus validated was not exhaustive but covered greater than half of all MS/MSidentified sites distributed across the Irs1 protein. To provide additional coverage for some experiments, we used five commercially available polyclonal ␣pS/T Irs1 antibodies (against rat Ser(P)-336 Irs1 , Ser(P)-612 Irs1 , Ser(P)-632/S635 Irs1 , Ser(P)-789 Irs1 , and Ser(P)-1100 Irs1 ) without further in-house validation (identified with asterisks in Fig. 1A) .
To validate use of our ␣pS/TmAb Irs1 library on biological samples, lysates of CHO IR /Irs1 cells treated without or with insulin were immunoblotted using antibodies against total Irs1, phosphotyrosine (␣pY), or each ␣pS/TmAb Irs1 . Insulin stimulated the phosphorylation of Irs1 on tyrosine (Tyr(P) Irs1 ) and on all Ser(P)/Thr(P) residues, save Ser(P)-498 Irs1 , Thr(P)-525 Irs1 , Thr(P)-1102 Irs1 , and Ser(P)-1135 Irs1 (Fig. 1D ).
Insulin-dependent Ser(P)/Thr(P) Residues-To investigate the basis of insulin-stimulated Irs1 Ser(P)/Thr(P) residues, we used inhibitors to block various insulin-stimulated kinases in CHO IR /Irs1 cells, including class I PI3 kinase (PI-103, LY294002, wortmannin, PIK-90, or GDC-0941), Akt (AKT-VIII), mTORC1 and mTORC2 (PP242), mTORC1 alone (rapamycin), S6K (DG2), or MEK (PD98059 or U0126) (Figs. 2A and 3, A-J). First, we verified the specificity of each inhibitor and determined the "global ED 50 TP ," or 50% effective inhibitory dose (see "Experimental Procedures"), by quantitating the insulin-stimulated phosphorylation of known inhibitor target protein(s), including ERK, Akt, GSK3␤, FOXO1, mTOR, S6K, or S6. The strongest and most complete inhibition was obtained with PI-103, which targets the catalytic p110␣ subunit of PI3K, mTORC1/2, and nuclear DNA-dependent serine/threonine protein kinase ( Fig. 2A) . Treatment with PI-103 reduced by more than 50% the phosphorylation of all "target proteins" save ERK (global ED 50 TP ϭ 0.59 M) ( Fig. 2A ; see Fig. 5A ). By contrast, the MEK-specific inhibitors PD98059 and U0126 strongly reduced ERK phosphorylation without significant effects upon components of the PI3K cascade ( ). The mTORC1 substrate S6K is thought to be a major autologous feedback regulator of IRS1 signaling (67, 68) . However, the S6K-specific inhibitor DG2 blocked S6 phosphorylation without enhancing the insulin-stimulated phosphorylation of Akt or its substrates GSK3 and FOXO1 in CHO IR /Irs1 cells ( Fig. 3H ; see Fig. 5A ).
PI3K-dependent Irs1 Ser(P)/Thr(P)-Next we investigated the effect of PI3K inhibitors upon insulin-stimulated Irs1 Ser(P)/Thr(P). To establish the scope of Ser(P)/Thr(P) under PI3K control, we determined the maximal effect of each inhibitor upon insulin-stimulated Irs1 Ser/Thr phosphorylation as detected by our ␣pS/TmAb Irs1 . The results were fitted to hyperbolic curves to identify significant inhibitory effects (r 2 Ͼ 0.7) and to calculate the global ED 50 pS/T , the inhibitor concentration that reduced all of the significantly inhibited Ser(P)/Thr(P) residues by 50% (Figs. 2B and 4, A-J; see Fig. 5B ).
PI-103 produced the most complete inhibition of Irs1 Ser(P)/ Thr(P) residues of any tested compound, because all insulinstimulated sites except Ser(P)-408 Irs1 and Ser(P)-1215 Irs1 were Ͼ50% inhibited (Fig. 2 , B and C; summarized in Fig. 5B ). In addition to indirectly inhibiting Akt downstream of PI3K, PI-103 directly inhibits mTORC1 and mTORC2 complexes that regulate Akt and other kinases (69) . More specific PI3K inhibitors yielded less complete Ser(P)/Thr(P) inhibition: LY294002 and wortmannin inhibited fewer Ser(P)/Thr(P) residues than PI-103 (Figs. 4, A and B, and 5B); PIK-90 inhibited 12 and GDC-0941 inhibited six of the tested Ser(P)/Thr(P) residues (Figs. 4, C and D, and 5B). All five PI3K inhibitors consistently inhibited Ser(P)-265 Irs1 , Ser(P)-302 Irs1 , Ser(P)-307 Irs1 , Ser(P)-522 Irs1 , and Ser(P)-632 Irs1 (Fig. 5B) ; and each of the PI3K inhibitors, except GDC-0941, blocked Ser(P)-318 Irs1 , Thr(P)-346 Irs1 , and Ser(P)-414 Irs1 . All the PI3K inhibitors, save wortmannin and GDC-0941, also blocked Ser(P)-332 Irs1 , Ser(P)-369 Irs1 , and Thr(P)-1107 Irs1 (Fig. 5B) .
Akt Inhibition-Akt is a key node in the PI3K pathway that is activated by PDK1 3 Thr(P)-308 Akt and mTORC2 3 Ser(P)-473 Akt (8, 66) . Akt-mediated IRS1 Ser(P)/Thr(P) residues are implicated in the regulation of IRS1 tyrosine phosphorylation (21) . To establish which PI3K-dependent Irs1 Ser(P)/Thr(P) residues also required Akt activity, we treated the CHO IR /Irs1 cells with AKT-VIII, an inhibitor that interacts with the pleckstrin homology domain of Akt to prevent its phosphorylation and activation by PDK1 (70) . Eight insulin-stimulated Ser(P)/Thr(P) residues detected by our ␣pS/TmAb Irs1 were significantly inhibited by AKT-VIII, including five predicted Akt sites: Ser(P)-265 Irs1 , Ser(P)-302 Irs1 , Ser(P)-325 Irs1 , Ser(P)-332 Irs1 , and Ser(P)-522 Irs1 (Fig. 1A) , and three others: Ser(P)-307 Irs1 , Ser(P)-369 Irs1 , and Ser(P)-416 Irs1 (Figs. 4E and 5B). Each of these Ser(P)/Thr(P) residues was also inhibited by PI-103, but only three of the predicted Akt sites (Ser(P)-265 Irs1 , Ser(P)-302 Irs1 , and Ser(P)-522 Irs1 ) and Ser(P)-307 Irs1 were inhibited by all five of the PI3K inhibitors, with the other Ser(P)/ Thr(P) residues displaying mixed responses. In total, seven Ser(P)/Thr(P) residues sensitive to at least one of the more specific PI3K inhibitors were less than 50% inhibited by AKT-VIII, suggesting that both AKT and additional kinases downstream of PI3K are involved ( Fig. 5B) .
mTOR Inhibition-mTOR assembles into two molecular complexes, mTORC1 and mTORC2, with distinct functions in insulin signaling (66, 69) . mTORC1 mediates insulin regulation of protein, lipid, and nucleotide synthesis required for cell growth and proliferation, whereas mTORC2 promotes full activation of Akt by phosphorylating Ser-473 Akt (8, 66, 71) . Previous studies in mouse fibroblasts demonstrate that rapamycinsensitive mTORC1 promotes phosphorylation of Ser-302 Irs1 , Ser-307 Irs1 , Ser-522 Irs1 , Ser-612 Irs1 , and Ser-632 Irs1 , associated with Irs1 degradation (28, 67, 68) . In 3T3-L1 cells, mTORC1 associates with Irs1 through its RAPTOR (regulatory-associated protein of mTOR) subunit and phosphorylates Ser-636/ Ser-639 IRS1 (mouse Ser-632/Ser-635 Irs1 ) (72) .
The catalytic mTOR inhibitor PP242 and the allosteric mTORC1-specific inhibitor rapamycin were used to investigate insulin-stimulated Irs1 Ser(P)/Thr(P) residues (8, 63) . Inhibi-FIGURE 1. Validation of monoclonal antibodies (␣pS/TmAb Irs1 ) generated against MS/MS-identified Irs1 phosphopeptides (19) . A, Irs1 Ser(P)/Thr(P) residues (rat, mouse, and human numbering) and their surrounding amino acid sequences (phosphopeptide, phosphorylated residue in red) used for mAb production. The Akt motifs were identified at a medium threshold by GPS 3.0 using rat Irs1 (CAA41264) as the target (91) . The ratio of score to cutoff (S/C) is reported. B, the sequence specificity of each ␣pS/TmAb Irs1 was verified in an ELISA assay against 15-residue phosphopeptides based upon the seven aminoand carboxyl-terminal residues surrounding the Ser(P)/Thr(P) of interest in rat Irs1. C, CHO cell lines expressing human insulin receptor and either wild type or mutant (A307) rat Irs1 were serum-starved overnight and then stimulated with 30 nM insulin for 30 min. Extracts were blotted with total Irs1 and ␣pS307 Irs1 antibodies. D, CHO IR /Irs1 cells were treated with 30 nM insulin for 30 min. Irs1 was immunoblotted with the indicated ␣pS/TmAb Irs1 ; each column represents a separate cell extract, with the same extract being used for each antibody in that column. tion of both mTORC1 and mTORC2 by PP242 inhibited Ser(P)-302 Irs1 , Ser(P)-307 Irs1 , Ser(P)-318 Irs1 , Ser(P)-325 Irs1 , Ser(P)-408 Irs1 , and Ser(P)-1215 Irs1 (Fig. 4, F and G, and 5B) . Notably, Ser(P)-522 Irs1 and Ser(P)-632 Irs1 were not inhibited, and Ser-612 Irs1 was not tested. By comparison, rapamycin inhibited only Ser(P)-307 Irs1 and Ser(P)-318 Irs1 , with both Ser(P)-302 Irs1 and Ser(P)-632 Irs1 missing the cutoffs for significance (Fig. 4, F and G, and 5B) . Thus, based upon the speci-ficities of PP242 and rapamycin, Ser(P)-302 Irs1 , Ser(P)-325 Irs1 , Ser(P)-408 Irs1 , and Ser(P)-1215 Irs1 appeared to be phosphorylated predominantly via mTORC2, rather than mTORC1, in CHO IR /Irs1 cells; however, direct phosphorylation remains provisional because these sites poorly match the predicted mTOR substrate motifs, and both mTORC1 and mTORC2 regulate Akt activity during insulin stimulation (8, 69) . S6 Kinase Inhibition-Under conditions of unrestrained mTORC1 activation, S6K1 mediates extensive Ser/Thr phosphorylation of Irs1 and can directly phosphorylate Ser-302 Irs1 and Ser-522 Irs1 in vitro (68) . Additionally, S6K1 promotes the in vitro and in vivo phosphorylation of both Ser-265 Irs1 and Ser-1097 Irs1 (49, 73) . We used the ATP-competitive inhibitor DG2 to specifically inhibit S6K during insulin stimulation; however, this resulted in the inhibition of only Ser(P)-302 Irs1 (Figs. 4H  and 5B ). Because Ser(P)-302 Irs1 was not significantly blocked by the mTORC1 inhibitor rapamycin, this result could reflect either the stringency of the numerical cutoffs required to achieve significance or a partially rapamycin-resistant biological process.
MAP Kinase Inhibition-ERK is activated by the RAS 3 RAF 3 MEK kinase cascade, activated by GRB2⅐SOS association with either Irs1 or Shc (74 -77) . Previous studies suggest that chemical inhibitors of MEK1/2 reduce insulin-stimulated Ser(P)-632 Irs1 (34, 78) . We used the MEK inhibitors PD98059 or U0126 to inhibit insulin-stimulated ERK activity in CHO IR / Irs1 cells (Fig. 4 , I and J, and 5B); although Ser(P)-632 Irs1 was weakly inhibited by PD98059, none of the Irs1 Ser(P)/Thr(P) residues were inhibited significantly (r 2 Ͼ 0.7 and Ͼ50%) ( Fig.  4 , I and J, and 5B). Thus, compared with other insulin-stimulated kinases, ERK only weakly phosphorylated Irs1 during insulin stimulation.
Relation between Inhibitor Target Protein Phosphorylation/ Activity and Irs1 Ser(P)/Thr(P)-Next, we correlated for each of the inhibitors the concentration required for half-maximal inhibition of the set of significantly inhibited Irs1 Ser(P)/ Thr(P) (called the global ED 50 pS/T ) with the dose required for half-maximal inhibition of each proximal target protein (called the global ED 50 TP ) (Fig. 5, A and B) . This analysis revealed a highly significant correlation between the inhibition of insulin-stimulated Irs1 Ser(P)/Thr(P) residues and that of the known inhibitor target proteins: the log2 transformed ED 50 values were related linearly by a slope of unity and Pearson correlation coefficient (r) of 0.95 (p Ͻ 0.0001) ( Fig. 5C ). We conclude that Irs1 was phosphorylated via kinases in the targeted cascades.
Relation between Irs1 Ser/Thr Phosphorylation and Insulinstimulated Tyr(P) Irs1 -The hypothesis that individual Ser(P)/ Thr(P) residues generally inhibit insulin-stimulated Tyr(P) Irs1 is widely accepted (6, 54) . Consistent with this hypothesis, increasing concentrations of all the tested inhibitors, excepting the MEK inhibitors, enhanced insulin-stimulated Tyr(P) Irs1 (Fig. 6A ). Quantitation of these results reveals the hyperbolic relation between Tyr(P) Irs1 and inhibitor concentration (Fig.  6B ). The maximal fold increase of Tyr(P) Irs1 ranged between 1.5-and 5-fold ( Fig. 6C ). Three inhibitors, PIK-90, PP242, and rapamycin, were tested to confirm that increased Tyr(P) Irs1 indeed gave rise to enhanced p85 association with Irs1 in immunoprecipitates ( Fig. 6D) .
We exploited the effects of graded Ser/Thr kinase inhibition to determine the relation between Irs1 Ser(P)/Thr(P) residues and Tyr(P) Irs1 during insulin stimulation. To do so, we calculated the ED 50 pTyr (see "Experimental Procedures") as a measure of the inhibitor dosage required for half-maximal enhancement of Irs1 tyrosine phosphorylation. The ED 50 pTyr of the various inhibitors correlated significantly with the global ED 50 pS/T (ED 50 pTyr /ED 50 pS/T ϭ 0.86; Pearson r ϭ 0.91; p ϭ 0.0008) (Fig. 4E ). This close relation between the effective doses for Ser(P)/ Thr(P) inhibition and Tyr(P) Irs1 enhancement supports the idea that Ser(P)/Thr(P) residues on IRS1 regulate (mostly negatively) Tyr(P) Irs1 that coordinates the downstream insulin signal.
For individual Ser(P)/Thr(P) residues, we calculated the Pearson correlation between the maximal Ser(P)/Thr(P) inhibition and the maximal Tyr(P) Irs1 enhancement achieved using each kinase inhibitor. All the Ser(P)/Thr(P) residues correlated negatively with Tyr(P) Irs1 ; however, significant correlation (p Ͻ 0.05) was found for only a subset of sites, including Ser(P)-302 Irs1 , Ser(P)-307 Irs1 , Ser(P)-318 Irs1 , Ser(P)-325 Irs1 , and Ser(P)-346 Irs1 (Fig. 6F ; summary in Fig. 6G ). Because the negative correlation of these Ser(P)/Thr(P) residues with Tyr(P) Irs1 integrates the responses to chemically distinct inhibitors, this subset of Ser(P)/Thr(P) residues might be particularly relevant for down-regulating Irs1 signaling. However, mechanism(s) linking these Ser(P)/Thr(P) residues to the regulation of Tyr(P) Irs1 cannot be resolved from this analysis; indeed, it remains possible that Tyr(P) Irs1 is inhibited by the aggregate effect of many Ser(P)/Thr(P) residues. Regardless, we note that degradation of Irs1 was never observed in the time interval of our experiments.
Metabolic Stress Stimulates Irs1 Ser(P)/Thr(P) and Inhibits Insulin-stimulated Tyr(P) Irs1 -Next, we stimulated Irs1 Ser/ Thr phosphorylation by inducing metabolic stress with anisomycin, thapsigargin, or tunicamycin in CHO IR /Irs1 cells. Anisomycin inhibits protein synthesis and activates JNK and p38 MAP kinases (79, 80) ; thapsigargin noncompetitively inhibits sarco-/endoplasmic reticulum Ca 2ϩ ATPases, increasing cytosolic Ca 2ϩ and ER stress (63); and tunicamycin inhibits N-linked protein glycosylation, which also promotes ER stress (81) . Induction of ER stress stimulates the phosphorylation and activation of PERK (PKR-like endoplasmic reticulum kinase). We measured phosphorylation of JNK, p38, and PERK to verify the effect of metabolic stress agents in CHO IR /Irs1 cells. As expected, anisomycin stimulated JNK and p38 phosphorylation, whereas thapsigargin or tunicamycin stimulated PERK phosphorylation (Fig. 7A ). All three agents also moderately stimulated the inhibitory phosphor-
FIGURE 5. Inhibitors of insulin-stimulated Ser/Thr kinases have similar effects upon known inhibitor target proteins and Irs1 Ser(P)/Thr(P) residues.
CHO IR /Irs1 cells were treated with the indicated kinase inhibitors (concentration ranges in Fig. 3 ) for 30 min before insulin stimulation (30 nM, 30 min), and the cleared cell extracts were analyzed on immunoblots (shown in Fig. 3 and Fig. 4 ). Insulin-stimulated phosphorylation in the presence of each inhibitor was normalized to that measured in its absence, and the normalized data were fitted to f(x) ϭ y 0 ⅐ (k id ϩ x ⅐ k in )/(k id ϩ x) to assay significant inhibition (%I). Individual target protein or Ser(P)/Thr(P) residues that reached the cutoffs (%I Ͼ 50; r 2 Ͼ 0.7) are shown as black bars. A, the global ED 50 TP (ED 50 for inhibition of target proteins) was determined for each inhibitor by fitting the data for the target proteins simultaneously. B, the sets of Irs1 Ser(P)/Thr(P) residues significantly inhibited by each compound (black bars) were analyzed in a similar way to determine the global ED 50 pS/T . C, linear regression of the global ED 50 pS/T (log2) on the global ED 50 TP (log2) values determined for each inhibitor. The slope of the line is the ratio of ED 50 values. Red lines show the 95% confidence interval of the fitted line. Wort., wortmannin; LY, LY294002; Rapa., rapamycin.
ylation of GSK3␤, albeit without upstream phosphorylation of Akt on Thr-308 or Ser-473. Consistent with previous reports, both anisomycin and thapsigargin stimulated the phosphorylation/activation of mTOR and S6K (Fig. 7A) (28) .
As previously shown, anisomycin, thapsigargin, or tunicamycin stimulated Ser-307 Irs1 phosphorylation (50, 51, 57) ; however, analysis with our ␣pS/TmAb Irs1 plus five commercially available polyclonal antibodies (Fig. 1A) revealed that most Irs1 . Stimulation of Ser/Thr kinases and Irs1 Ser(P)/Thr(P) residues by insulin or agonists of metabolic stress. A, serum-starved CHO IR /Irs1 cells were left untreated (Basal), or treated with insulin (30 nM, 30 min), anisomycin (5 g/ml, 60 min), thapsigargin (300 nM, 180 min), or tunicamycin (10 g/ml, 180 min). The cleared lysates were immunoblotted with antibodies against total protein or the indicated phosphospecific antibodies. B, the lysates in A were immunoblotted with antibodies to total Irs1, Tyr(P), and 25 ␣pS/TmAb Irs1 plus five commercially available Irs1 phosphospecific polyclonal antibodies (*). C, CHO IR /Irs1 cells were treated as in A, but with the subsequent addition of insulin (30 nM, 30 min) to those cells treated with anisomycin, thapsigargin, or tunicamycin. Bands were quantified on a Kodak Image Station 4000MM Pro, and the data were analyzed using Carestream Molecular Imaging software version 5.0. Ins, insulin; Aniso, anisomycin; Thaps, thapsigargin; Tunica, tunicamycin. Ser(P)/Thr(P) residues were increased by metabolic stress (Figs. 7B and 8A) . The Ser(P)/Thr(P) patterns induced by anisomycin, thapsigargin, and tunicamycin differed somewhat but were each significantly correlated (p Ͻ 0.001) (Fig. 8B) . In general, these patterns also mimicked the appearance of insulin stimulation (Figs. 7B and 8A) . The Ser(P)/Thr(P) pattern induced by anisomycin was most similar to that of insulin (Pearson r ϭ 0.82, p Ͻ 0.001), whereas those produced by thapsigargin (r ϭ 0.68, p Ͻ 0.001) or tunicamycin (r ϭ 0.24, p Ͼ 0.05) were less correlated (Fig. 8B) . FIGURE 8 . The effect of metabolic stress upon basal and insulin-stimulated Irs1 phosphorylation. A, CHO IR /Irs1 cells were treated with insulin (30 nM, 30 min), anisomycin (5 g/ml, 60 min), thapsigargin (300 nM, 3 h), or tunicamycin (10 g/ml, 60 min). Irs1 Ser(P)/Thr(P) residues stimulated by insulin or agonists of metabolic stress (blots in Fig. 7B ) were quantified and normalized to the phosphorylation in untreated CHO IR /Irs1 cells to determine the fold stimulation (Ϯ 95% confidence interval) above basal. Red bars indicate significant stimulation (*, p Ͻ 0.05); gray bars are not significant. B, Pearson correlation (r) of insulinand metabolic stress-induced Irs1 Ser(P)/Thr(P) patterns shown in A. C, fold (versus basal) Tyr(P) Irs1 stimulated by insulin alone (30 nM, 30 min) or by insulin preceded by anisomycin (5 g/ml, 60 min), thapsigargin (300 nM, 3 h), or tunicamycin (10 g/ml, 60 min) treatment. D-F, the Irs1 Ser(P)/Thr(P) residues stimulated by insulin alone or insulin preceded by metabolic stress (blots in Fig. 7C ) were quantified, normalized to the basal phosphorylation in untreated cells, and expressed as the ratio (metabolic stress plus insulin)/(insulin alone) (fold Ϯ 95% confidence interval). Red bars indicate significantly greater Ser/Thr phosphorylation in cells pretreated with the indicated agent, and green bars significantly less (*, p Ͻ 0.05). G, Pearson correlation (r Ϯ 95% confidence interval) of Irs1 Ser(P)/Thr(P) residues in cells treated with insulin, or with anisomycin, thapsigargin, or tunicamycin followed by insulin, with the fold insulin-stimulated Tyr(P) Irs1 observed under these conditions; green bars indicate Ser(P)/Thr(P) residues that correlate significantly with less Tyr(P) Irs1 ; red bars indicate Ser(P)/ Thr(P) residues that correlate significantly with more Tyr(P) Irs1 (*, p Ͻ 0.05); gray bars are not significant. Ins, insulin; Aniso, anisomycin; Thaps, thapsigargin; Tuni, tunicamycin; CI, confidence interval.
We examined the effect of these stress-induced basal Ser(P)/ Thr(P) patterns on insulin-stimulated phosphorylation of Irs1 (Fig. 7C ). As expected for an insulin-desensitizing effect of metabolic stress, insulin-stimulated Tyr(P) Irs1 was diminished significantly-by approximately half or greater-by anisomycin or tunicamycin pretreatment, although less by pretreatment with thapsigargin ( Fig. 8C) . Consistent with the relative Tyr(P) Irs1 achieved in each case, insulin further stimulated only 11 of 30 Ser(P)/Thr(P) residues assayed in anisomycin-or tunicamycin-treated cells, whereas it retained ability to augment nearly all Ser(P)/Thr(P) residues (26 of 30) in thapsigargintreated cells (Fig. 8, D-F) . Six Ser(P)/Thr(P) residues that were significantly stimulated by insulin alone (Ser(P)-265 Irs1 , Ser(P)-325 Irs1 , Thr(P)-346 Irs1 , Ser(P)-369 Irs1 , Ser(P)-522 Irs1 , and Ser(P)-637 Irs1 ; Fig. 8A ) were significantly less stimulated by insulin in cells pretreated with anisomycin, which diminished Tyr(P) Irs1 the most (by 58%) (Fig. 8D ). Moreover, even in thapsigargin-treated cells, in which Tyr(P) Irs1 was diminished the least (24%), the average insulin-stimulated augmentation of Ser(P)/Thr(P) (versus insulin alone, n ϭ 26 sites) was less than 1-fold (ϳ70%) (Fig. 8E ). Thus, Ser/Thr phosphorylation that was promoted by metabolic stress in the basal period supplanted the normal program of Irs1 Ser/Thr phosphorylation stimulable by insulin.
To identify Ser(P)/Thr(P) residues that associate most strongly with reduced Tyr(P) Irs1 during drug-induced metabolic stress, we calculated the correlation between insulinstimulated Tyr(P) Irs1 and each Ser(P)/Thr(P) observed in the absence or presence of anisomycin, thapsigargin, or tunicamycin (from data in Fig. 7C ). Significant negative correlations were observed between Tyr(P) Irs1 and Ser(P)-302 Irs1 , Ser(P)-307 Irs1 , Ser(P)-336 Irs1 , Ser(P)-612 Irs1 , Ser(P)-632/5 Irs1 , and Ser(P)-891 Irs1 (Fig. 8G ). Of these, all but Ser(P)-612 Irs1 were significantly stimulated by insulin alone (Fig. 8A ); Ser(P)-302 Irs1 and Ser(P)-307 Irs1 were also negatively correlated to Tyr(P) Irs1 in the analysis of inhibitor data (Fig. 6F) . By contrast, four Ser(P)/ Thr(P) residues, Ser(P)-369 Irs1 , Thr(P)-525 Irs1 , Ser-632 Irs1 , and Ser(P)-1100 Irs1 , correlated positively with Tyr(P) Irs1 during metabolic stress (Fig. 8G) , and of these only Ser(P)-369 Irs1 and Ser(P)-632 Irs1 were significantly stimulated by insulin alone (Fig. 8A ). Negative correlation of Ser(P)/Thr(P) residues with Tyr(P) Irs1 during metabolic stress owed mostly to retained stimulation (augmentation) by insulin in both anisomycin and tunicamycin-treated cells and does not necessarily indicate involvement in the reduction of Tyr(P) Irs1 . Regardless, our data suggest that metabolic stress desensitizes Tyr(P) Irs1 in a fashion similar to insulin-potentially through such "common" insulin and stress-induced Ser(P)/Thr(P) residues as Ser(P)-302 Irs1 and Ser(P)-307 Irs1 .
DISCUSSION
We used our ␣pS/TmAb Irs1 library to quantify about half of all Irs1 Ser(P)/Thr(P) so far identified via mass spectrometry, both during insulin stimulation and under conditions of druginduced metabolic stress. Numerous cell-based studies reveal Irs1 Ser(P)/Thr(P) to be a physiologically integrative mechanism that modulates in vivo insulin sensitivity (6) . In our CHO IR /Irs1 cell-based system, insulin was clearly an important input to Irs1 Ser/Thr phosphorylation, because the vast majority of Ser(P)/Thr(P) residues assayed were stimulated by insulin and were diminished by inhibition of the insulin-stimulated PI3K 3 Akt 3 mTOR cascade. Moreover, the Irs1 Ser(P)/ Thr(P) patterns produced during drug-induced metabolic stress correlated significantly with that stimulated by insulin. These data suggest that Irs1 Ser(P)/Thr(P) is foremost a feedback mechanism that develops during insulin stimulation but that this mechanism can be co-opted by metabolic stress, such as ER stress or inflammation, to inhibit insulin signaling and promote metabolic disease (6, 17, 19, 20, 22, 23, 34) . An implicit corollary is that hyperinsulinemia may be an important physiologic mediator of insulin resistance in animals, and there is some experimental evidence that this is so (18) .
Activation of PI3K signaling by insulin is the unique province of the IRS proteins, and PI3K activity was required for nearly all insulin-stimulated Ser(P)/Thr(P) detectable by our ␣pS/ TmAb Irs1 library. By contrast, a significant effect of MAP kinase inhibition was not observed. Because earlier reports identified a contribution of MEK 3 ERK signaling to Irs1 Ser(P)/Thr(P), the pattern of phosphorylation might depend upon the cell or tissue background or upon the method of detection (72) . Nonetheless, it is noteworthy that insulin-stimulated MAP kinase activity can be mediated via pathways other than IRS and remains unimpaired in insulin-resistant human tissue (82) .
The inhibition of PI3K with diverse inhibitors produced somewhat different patterns of insulin-stimulated Irs1 phosphorylation, reflecting in part the effects on downstream kinases that "feed back" upon Irs1 (6) . PI-103, which inhibits directly the activity of both class I PI3K and mTOR, inhibited nearly all the Irs1 Ser(P)/Thr(P) residues detected by our ␣pS/ TmAb Irs1 . Other, more specific inhibitors of PI3K produced less complete Ser(P)/Thr(P) inhibition; however, these differences vis-à-vis PI-103 could not clearly be ascribed to greater activity of mTORC1 alone (Fig. 5, A and B) . Previous work has shown that the PI3K 3 PKC/ cascade can mediate phosphorylation Ser-318 Irs1 , Ser-498 Irs1 , and Ser-570 Irs1 in cultured cells. The use of additional inhibitors of this or other pathways thus has the potential to further resolve the complexity of insulinstimulated Irs1 Ser/Thr phosphorylation (6) . With our well characterized ␣pS/TmAb Irs1 , experiments can further be conducted in murine and human tissues to investigate the regulation of Irs1 Ser(P)/Thr(P) under ordinary and pathological conditions.
Inhibition of the PI3 kinase cascade during insulin stimulation both diminished Irs1 Ser(P)/Thr(P) residues and enhanced Tyr(P) Irs1 (Fig. 6, A-C) ; compatible with the latter, the insulinstimulated association of SH2 domain protein p85 with Irs1 was also enhanced (Fig. 6D) . The similar inhibitor concentrations required to achieve these dual effects (i.e. ED 50 pS/T versus ED 50 pTyr ; Fig. 6E ) suggest that one or more Irs1 Ser(P)/Thr(P) residues either negatively regulated Tyr(P) Irs1 accumulation or else promoted the dephosphorylation of Irs1 tyrosine residues. Regardless of the exact mechanism(s), the enhancement of Tyr(P) Irs1 apparently stemmed largely from diminished feedback by insulin-stimulated kinases, because Irs1 Ser(P)/Thr(P) residues were low-and generally not further diminished by inhibitors-in the insulin-free basal state (Fig. 4, A-J) . A possible exception to this rule was Ser(P)-307 Irs1 , which was clearly somewhat reduced in the basal state by inhibitors of the PI3K cascade.
By analyzing the relationship between Tyr(P) Irs1 and Ser(P)/ Thr(P) signals in the presence of diverse inhibitors, we detected significant negative correlation of Tyr(P) Irs1 with several Ser(P)/Thr(P) residues proximal to the Irs1 PTB domain, including Ser(P)-302 Irs1 , Ser(P)-307 Irs1 , Ser(P)-318 Irs1 , Ser(P)-325 Irs1 , and Thr(P)-346 Irs1 . The other insulin-stimulated Ser(P)/Thr(P) residues might also have effects, although they did not reach statistical significance in this experiment. Insulinstimulated Ser(P)/Thr(P) near the PTB region might preferentially impair interaction of Irs1 with the insulin receptor in CHO IR /Irs1 cells, as proposed originally for Ser(P)-307 Irs1 (17, 50) . Potentially, additional or distinct Ser(P)/Thr(P) residues could have significant inhibitory effects upon Tyr(P) Irs1 in other cell types or under different physiologic conditions. A large number of Ser(P)/Thr(P) residues provide the means for multiple kinases to affect Tyr(P) Irs1 and modulate insulin action, yet the PI3 kinase cascade is central to the insulin response in all cells. Prominent events that follow PI3K activation include PDK1 3 Thr(P)-308 Akt and mTORC2 3 p473 Akt that activate Akt. Of eight Ser(P)/Thr(P) residues inhibited significantly by an Akt inhibitor (AKT-VIII), five of them, Ser(P)-265 Irs1 , Ser(P)-302 Irs1 , Ser(P)-325 Irs1 , Ser(P)-332 Irs1 , and Ser(P)-522 Irs1 , lie within a strong consensus Akt targeting sequence (RXRXXS) (83, 84) , supporting previous reports that these sites are phosphorylated directly by Akt (19, 85) .
Inhibition of mTOR using rapamycin or PP242 did not yield a long nor identical list of inhibited Ser(P)/Thr(P) residues in CHO IR /Irs1 cells, although each inhibitor significantly enhanced Tyr(P) Irs1 (Fig. 4B ). The maximal Tyr(P) Irs1 enhancement achieved with rapamycin was somewhat less than that with PP242. Consistent with these data, mTORC1 inhibition by rapamycin significantly inhibited only Ser(P)-307 Irs1 and Ser(P)-318 Irs1 , although other Ser(P)/Thr(P) residues, such as Ser(P)-302 Irs1 , were somewhat reduced. In contrast, the catalytic mTORC1 and mTORC2 inhibitor PP242 significantly inhibited six Ser(P)/Thr(P) residues: three by greater than 90% (Ser(P)-302 Irs1 , Ser(P)-307 Irs1 , and Ser(P)-318 Irs1 ) and three others by slightly more than 50% (Ser(P)-325 Irs1 , Ser(P)-408 Irs1 , and Ser(P)-1215 Irs1 ).
Remarkably, the set of PP242-inhibited sites included four of the five Ser(P)/Thr(P) residues proximal to the Irs1 PTB domain that showed significant anti-correlation with Tyr(P) Irs1 across all conditions. There is currently some uncertainty about the mechanism of mTORC2 regulation by insulin (86), because both positive and negative feedback loops involving Akt and mTORC1 3 S6K signaling have been demonstrated in different cell types (66, 87) . However, a growing literature connects mTORC2 to the proteasome-mediated degradation of Irs1 in cultured cells (88, 89) and possibly in animal tissues (11) . The mechanism described in cultured cells involves mTORC2 phosphorylation and stabilization of Fbxw8 (F-box and WD repeat domain containing 8), the substrate-targeting subunit of cullin-RING ligase CRL7 (88), but also relies upon phosphorylation of Ser-302 Irs1 , Ser-307 Irs1 , and Ser-522 Irs1 (90) . We observed significant inhibition of Ser(P)-302 Irs1 (together with Ser(P)-325 Irs1 , Ser(P)-408 Irs1 , and Ser(P)-1215 Irs1 ) by PP242, but not by rapamycin, suggesting that these sites lie downstream of mTORC2. Nonetheless, Irs1 phosphorylated at Ser-302 Irs1 was previously observed to accumulate during insulin stimulation in Sin1 Ϫ/Ϫ mouse embryo fibroblasts that lack mTORC2 activity (88). Because we observed at least some inhibition of Ser(P)-302 Irs1 in rapamycin-treated cells and significant inhibition of Ser(P)-302 Irs1 by the S6K-specific inhibitor DG2, a reasonable conclusion is that Ser(P)-302 Irs1 in our experiments is mediated by the mTORC1 3 S6K pathway. This conclusion is supported by the previously described in vitro and in vivo phosphorylation of Ser-302 Irs1 by S6K1 (68) .
The paucity of insulin-stimulated Ser(P)/Thr(P) residues inhibited by rapamycin in CHO IR /Irs1 cells is surprising because activation of mTORC1 3 S6K signaling in tuberous sclerosis complex (TSC)-deficient mouse embryo fibroblasts causes robust Irs1 Ser(P)/Thr(P) and Irs1 degradation (67) . Our studies with DG2 further identified only Ser(P)-302 Irs1 as a significant S6K site, and the effect of DG2 to enhance Tyr(P) Irs1 was nominally less than that of other inhibitors. Compatible with these data, we never observed significant disappearance of Irs1 protein during insulin stimulation. We conclude that, at least in our CHO IR /Irs1 cell system, conditions of insulin stimulation do not equate to the dramatically enhanced activation of mTORC1 following TSC deletion. Potentially, chronic in vivo nutrient excess and/or ER stress might better replicate the TSC-deficient mouse embryo fibroblast cell.
Metabolic stress present in the physiologic setting of obesity, such as that from nutrient excess, ER stress, or inflammation, has the potential to impair insulin signaling by altering the ambient Ser(P)/Thr(P) patterns of the IRS proteins (6) . To model the effects of metabolic stress, we treated CHO IR /Irs1 cells with anisomycin, thapsigargin, or tunicamycin. These agents directly activate Ser/Thr kinase pathways that mediate nutrient signaling, the ER stress response, and inflammatory cytokine signals in tissues ( Fig. 7A ). Applied to CHO IR /Irs1 cells in the basal state, anisomycin and thapsigargin had a significant insulin-like effect to cause broad Irs1 Ser/Thr phosphorylation, which was less pronounced in the case of tunicamycin. During subsequent insulin stimulation, drug-induced metabolic stress significantly reduced Tyr(P) Irs1 , along with many Ser(P)/Thr(P) residues promoted by the insulin-stimulated PI3K pathway (Fig. 8, D-F) . However, analysis of the metabolic stress data uncovered several Ser(P)/Thr(P) residues: Ser(P)-302 Irs1 , Ser(P)-307 Irs1 , Ser(P)-336 Irs1 , Ser(P)-612 Irs1 , Ser(P)-632/5 Irs1 , and Ser(P)-891 Irs1 , that correlated significantly with reduced Tyr(P) Irs1 (Fig. 8G) . The simplest explanation is that these Ser(P)/Thr(P) residues, which are mostly increased basally by stress ( Fig. 8A) , preferentially mediate the inhibition of insulinstimulated Tyr(P) Irs1 , and therefore also the feedback phosphorylation of Irs1 by insulin-stimulated Ser/Thr kinases. However, Ser(P)-612 Irs1 was not strongly enhanced by metabolic stress alone, and it remains unclear, mechanistically, how Ser(P)-302 Irs1 , Ser(P)-307 Irs1 , and Ser(P)-336 Irs1 remain sensitive to insulin stimulation, whereas Tyr(P) Irs1 is reduced during metabolic stress. Indeed, we cannot rule out that Irs1 bearing one or more "stress-augmented" Ser(P)/Thr(P) residues is merely less subject to dephosphorylation during insulin stimulation.
